In this work, the performance of an ultrafiltration (UF) membrane in the treatment of the effluents by-produced by olive mills is addressed by applying different pretreatments on the raw effluents. By conducting a photo-catalytic process (UV/TiO 2 PC) after pH-temperature flocculation (pH-T F) higher threshold flux values were observed for all feed stocks than by applying solely the pH-T F process, with an 18.8-34.2% increment. In addition, the performance of the UF membrane was also improved in terms of rejection efficiency, such that higher rejection values were yielded by the membrane for the organic pollutants (R COD ) by 48.5 vs. 39.9% and 53.4 vs. 42.0%. The UF membrane performance was also improved in terms of the volume feed recovery factor (VFR), achieving up to 88.2 vs. 87.2% and 90.7 vs. 89.3%. Results in the same line were also observed when the highly polluted olives oil washing wastewater raw stream was previously mixed with the effluent stream coming from the washing of the olives. This permits the UF to permeate, achieving the standard limits to reuse the purified effluent for irrigation purposes (COD values below 1000 mg·L −1 ), which makes the treatment process cost-effective and results in making the olive oil production process environmentally friendly.
INTRODUCTION
The seasonal production of olive oil using continuous centrifugation-based technology has replaced the ancient batch press method to cope with the increasing worldwide demand for olive oil in the last decades. As a side-effect, this growing demand has led to a substantial increase in the effluents generated by olive oil industries, commonly called olive mill wastewater (OMW).
The two-phase continuous centrifugation system appears to be more ecological than the three-phase technology and thus has been strongly promoted in Spain. Two main effluents are generated in twophase olive oil mills, which result from the washing procedure of the olives (olives washing wastewater, OWW) and from the washing of the olive oil during vertical centrifugation (olive oil washing wastewater, OOW).
Currently, an average-sized modern olive oil factory leads to a daily amount of 10-15 m 3 of OOW, which amounts to 1 m 3 of OWW per ton of processed olives. In Spain alone, the main olive oil producer worldwide, this signifies a total amount of more than 9 million m 3 of OMW per year, which represents a huge volume of these highly contaminant effluents. What is more, olive oil production is now an emergent agro-food industry in China and several other countries such as the USA, Australia and the Middle East, hence the treatment of OMW is becoming a task of global concern.
Direct disposal of these effluents to surface waters, although still practiced, is both hazardous and illegal, resulting in severe pollution consequences (Voreadou, 1989) . OMW cannot be directly disposed for irrigation purposes either. Uncontrolled discharge of these effluents generates odor nuisance, soil contamination, plant growth inhibition, underground leaks, water body pollution and hindrance of self-purification processes, as well as negative impacts on the aquatic fauna and the ecological status (Asfi et al., 2012; Borja et al., 2006; Danellakis et al., 2011; Karaouzas et al., 2011; Ntougias et al., 2013) .
In 1981 the Spanish Government, as in other Mediterranean countries, prohibited the direct discharge of these effluents into rivers since high pollution levels were detected in the Guadalquivir river basin, and subsidized the construction of artificial ponds for the separate storage and natural evaporation of OWW and OOW (Annesini and Gironi, 1991) . Over the years, this rule resulted inefficient as a consequence of the low evaporation potential of these ponds, the hazardous underground leaks derived from frequent deficiencies in their construction and odor release to the surroundings.
The highest organic pollutant concentration remains in the OWW effluent, including phenolic compounds, organic acids, tannins and organohalogenated contaminants, which are phytotoxic and refractory, thus resistant to biological degradation. Hence, biological treatment of OMW is currently not applied at industrial scale (Ammary, 2005; Ena et al., 2007; Fountoulakis et al., 2002; Garrido et al., 2002; Hodaifa et al., 2008; Marques, 2001) .
As a consequence, a plethora of other reclamation treatments as well as combined processes have been proposed but have not led to completely satisfactory results, such as thermal concentration (Annesini and Gironi, 1991; Paraskeva and Diamadopoulos, 2006) , treatments with lime and clay (Aktas et al., 2001; Al-Malah et al., 2000) , composting (Bouranis et al., 1995; Cegarra et al., 1996; Papadimitriou et al., 1997) , biosorption (Martínez-Nieto et al., 2010; Hodaifa et al., 2013) , coagulation-flocculation (Martínez- Nieto et al., 2011a; Sarika et al., 2005; Stoller, 2009) , advanced oxidation (Beltrán et al., 2000; Martínez-Nieto et al., 2011b; Sacco et al., 2012) , electrocoagulation (Inan et al., 2004; Tezcan et al., 2006) and hybrid processes (Grafias et al., 2010; Lafi et al., 2009; Rizzo et al., 2008) .
Within this context, pressure-driven membrane technology can be a potential solution for the reclamation of these highly contaminated effluents. However, the control of fouling is a key parameter to increase the profitability of membrane processes during operation and to avoid excessive overdesign of the membrane plant (Ochando Pulido et al., 2012 a,b; Stoller, 2009 Stoller, , 2011 .
In this respect, an optimized control of the membrane operation requires adequate pretreatment tailoring, which means a proper design of the pretreatment processes in order to avoid high fouling rates on the membranes, which would rapidly lead to zero flux conditions if no pretreatment is conducted on the raw effluent upstream of the UF operation (Ochando Pulido et al., 2012 a,b, 2013 Stoller, 2009 Stoller, , 2011 . Specifically, it is important to shift the mean particle size distribution of the foulants (d p ) present in the feed stream to the membrane module away from the average pore diameter of the selected membrane (D p ) to avoid constriction, blocking and plugging of the pores, which often cause irreversible fouling.
In this work, the treatment of the main effluents generated by olive mills operating with the two-phase production technology by ultrafiltration (UF) is addressed. The importance of pretreatment tailoring in the performance of the UF membrane pilot plant is studied by conducting different pretreatments on the raw effluents and comparing the results in terms of produced permeate flux and rejection efficiency. The aim was to enhance the steady-state performance of the UF plant and thus minimize fouling for a cost-effective scale-up of the process.
MATERIALS AND METHODS

UF membrane pilot plant
The membranes pilot plant used for the experiments is schematically shown in Figure 1 . The operating pressure and the crossflow velocity over the membrane were measured and displayed by analogue manometers and a turbine flow meter and set by regulation valves V 1 and V 2 , respectively. The feed flow rate was controlled at turbulent tangential velocity over the membrane (550 L·h −1 , to promote N Re >4000), to minimize concentration polarization in the boundary region of the membrane layer. The temperature was fixed at ambient conditions (20 ± 0.5 °C), measured by a Pt100 sensor, and two plate heat exchangers (E1 and E2) served to maintain the temperature of the streams stable. The permeate flux was measured during the operation time by a precision electronic mass balance (AX-120 Cobos, 0.1 mg accuracy). The UF module was supplied by GE Water and Process Technologies (model GM2540F), and present the characteristics reported in Table 1 .
Feed stocks: olive mill wastewater
Samples of OWW and OOW were taken from olive oil mills located in Jaén and Granada (Spain) operating with the two-phase olive oil extraction process. OWW is a moderately polluted effluent, presenting high amounts of suspended solids but a low concentration of dissolved organic matter.
Concentration values depend principally on the water flowrate used in the olive washing machines during the cleaning procedure of the fruit, but normally stand below the limits for discharge on suitable superficial terrains (Guadalquivir Hydrographical Confederation, 2006: total suspended solids TSS<500 mg·L −1 and chemical oxygen demand COD<1000 mg·L −1 ). On the other hand, a high organic pollutant load in the form of dissolved matter is confirmed in OOW, most of which is phytotoxic and recalcitrant to biological degradation, such as phenolic compounds (Table 2) .
Pretreatments of the feed stocks
The highly polluted raw OOW was subjected to different pretreatment processes studied and thoroughly described in a previous work by Ochando Pulido et al. (2014): i) In first place, gridding of the raw effluent was carried out in order to remove the coarse particles (cut-size ~300 μm). ), E 1 and E 2 : plate heat exchangers, M 1 : membrane housing provided with spiral wound (SW) UF membrane. ii) Subsequently, pH-T flocculation (pH-T F) was performed by adding HNO 3 (70% w/w) under continuous stirring (320 r.p.m.). iii) The supernatant at the outlet of the pH-T F process was either directly conducted to the UF unit and thereby referred to as OOW-F, or further pretreated by a photo-catalysis under ultraviolet irradiation (UV) with lab-made ferromagnetic-core TiO 2 nanoparticles (UV/TiO 2 PC), thus named OOW-FPC. iv) Otherwise, OOW was also mixed with OWW in a 1:1 (v/v) proportion, thereby called OOWW, and subjected to the same pretreatment steps, and therefore named OOWW-F and OOWW-FPC.
Finally, the differently pretreated streams were conducted to the UF pilot plant.
Performance of the UF membrane
The criterion to ensure the optimum operating strategy in batch operation for an already installed plant is to obtain the target solvent recovery in the shortest time possible, ensuring as well a concentration of impurities in the final permeate below the established standard limits.
The only degrees of freedom for the operation of the membrane plant in this case is the flux of the permeate stream of the membrane unit. The strategic choice can therefore consist of operating whether upon a permeate flux which is smaller or larger than the threshold value. The threshold flux (J th ) establishes the frontier between the low fouling and high fouling operating framework of a membrane (Bacchin et al., 1996; Field and Pierce, 2011) .
Long-term measurements, which require the plant and, as a consequence, the production, to be stopped are surely not compatible with usual industrial practices. Therefore, it is necessary for the membrane plant engineers to develop threshold flux based methods, such as the one followed in this study, that require a limited amount of measurements of the flux values to operate the plant properly for a long period of time (Espinasse et al., 2002) . The method consists basically of cycling the applied pressure up and down, by a constant pressure variation equal to ΔP TM , and to check for the restoration of the membrane permeability when the same pressure level is again applied after one cycle. Finally, the estimated J th values were contrasted with the experimental J ss values during the batch UF operation.
At the end of each experiment the membrane was rinsed with tap water for 15 min and stored in fresh tap water if no longer necessary, then chemical cleaning of the circuit with a 1N NaOH solution was performed in a closed loop for 30 min.
Analytical procedures
All the analytical methods were carried out in triplicate with analytical-grade reagents: 70% (w/w) HNO 3 , 98% (w/w) NaOH, 98% (w/w) Na 2 SO 3 , 30% (w/w) NH 4 OH, 37% (w/w) HCl and 30% (w/w) FeCl 3 , supplied by Panreac. Chemical oxygen demand (COD), total phenols (TPh), total suspended solids (TSS), electroconductivity (EC), pH and particle size distribution (Plus90 nanosizer, Brookhaven) were measured following standard methods (Greenberg et al., 1992) .
RESULTS AND DISCUSION
Pretreated feedstocks
The physicochemical compositions of the effluent streams exiting each pilot-scale pretreatment are reported in Table 3 . A higher TSS reduction of 25.0% can be observed for the OOW feedstock further pretreated by UV/TiO 2 PC after pH-T F (OOW-FPC) than for OOW-F, as well as a higher organic pollutant load abatement, resulting in an increase of 21.3% for COD abatement and 19.2% for TPh removal. Similar results are confirmed for OOWW, with increases of 58.3%, 58.4% and 27.5% for TSS, COD and TPh removal efficiencies, respectively, after UV/TiO 2 PC was preceded by pH-T F.
Moreover, by mixing the OWW and OOW streams (OOWW), an increment in the removal efficiencies of all parameters was noted after both pretreatment processes. Very significant enhancement was confirmed, from 75% for TSS, 75.2% for COD and 52.1% for TPh for the OOWW stream pretreated by pH-T F alone, up to 75% for TSS, 86.5% for COD and 56.9% for TPh for OOWW further pretreated by UV/TiO 2 PC.
Infl uence of the different pretreatments on the threshold UF performance
A good design of the pretreatment processes beforehand, called pretreatment tailoring, may increase the flux performance of the selected membrane accordingly.
The performance of the UF membrane as a function of the diversely pretreated feedstreams is reported in Table 4 , where J th values measured on the UF membrane by the pressure-cycling method for each differently pretreated feedstock are given and contrasted with the steady-state permeate flux values registered during the batch UF operation, as well as the volume feed recovery (VFR) and the rejection efficiencies (R i ) measured for TSS, COD and TPh.
It can be verified that the experimental J ss values attained during the batch-run operation of the UF membrane are very close to those J th estimated by the pressure-cycling method.
Moreover, higher threshold flux values were observed for the UF membrane for all feedstocks by applying the UV/TiO 2 PC process after pH-T F (18.8-34.2% increment) than by solely applying the pH-T F process. This is supported mainly by the additional abatement of organic pollutants (COD and TPh) achieved by this photo-catalytic pretreatment step. In addition, the performance of the UF membrane was also improved in terms of rejection efficiency, such that major rejection values were yielded by the membrane for the organic pollutants (R COD ), at 48.5 vs. 39.9% and 53.4 vs. 42.0%. The UF membrane performance was also improved in terms of the volume feed recovery factor (VFR), achieving up to 88.2 vs. 87.2% and 90.7 vs. 89.3%. Turano et al. (2002) reported the use of centrifugation as pretreatment prior to the UF of OMW from a three-phase mill. However, despite the relevant COD reduction, the organic matter concentration in the final permeate stream was still too high. Akdemir and Ozer (2009) examined the suitability of pH adjustment (pH = 2) and cartridge filtration (20 μm) as pretreatments for pressuredriven crossflow UF of OMW from a three-phase mill, reaching COD removal efficiencies up to 63%. However, cartridge filtration is not a suitable operation for being transferred to an industrial scale and the whole treatment did not meet the discharge standard compliance pursued. Stoller and Bravi (2010) reported a pretreatment step of either coagulation-flocculation by using aluminum sulfate (AS) or aluminum hydroxide (AH), or biological aerobic digestion by means of fungi in a biological immobilized bed reactor. The AH-pretreated stream did not provide satisfactory permeate flow rates on the UF step due to the similar size of the formed aggregates with respect to the membrane mean pore size, which led to quick fouling on the membrane, which similarly occurred after biodigestion, presumably owing to the residual biomass that gave rise to particle sizes close to those of the pores of the membrane.
In addition, better performance of the UF membrane was noted for the treatment of the mixed feedstock (OOWW) in contrast with OOW. In this case, the threshold flux values were significantly increased, from 8.2 up to 11.2 L·h for OOW-FPC in contrast with OOWW-FPC (32.7% increment). These UF performance benefits were also supported by higher VRF, at 89.3 vs. 87.2% (OOW-F vs. OOWW-F) and 90.7 vs. 88.2% (OOW-FPC vs. OOWW-FPC). Moreover, considerable major organic pollutant rejection was achieved for the mixed feedstream, 42.0 vs. 39.9% (OOW-F vs. OOWW-F) and 53.4 vs. 48.5% (OOW-FPC vs. OOWW-FPC). The different flux behavior of the UF membrane as a function of the diversely pretreated feedstreams can be explained by the fact that the pretreated OOW effluents feeding the UF membrane (OOW-F and OOW-FPC) are much more polluted than the pretreated 1:1 v/v mixtures of OOW and OWW (OOWW-F and OOWW-FPC). The latter present lower organic pollutants (COD), in particular, lower concentrations of phenolic compounds, which have molecular weights in the range of 0.5-20 kDa and thus fall within the same range of the membrane's MWCO (8 kDa). This significant improvement permits the stream exiting the UF unit after pH-T F and the UV/TiO 2 PC process to fulfill the standard limits for the reuse of the purified effluent for irrigation purposes (COD values below 1000 mg·L −1 ), aiding in the the costeffectiveness of the treatment process and permitting the olive oil production process to be deemed as environmentally friendly.
CONCLUSIONS
The criterion to ensure the optimum operating strategy in batch operation for an already installed plant is to obtain the target solvent recovery in the shortest time, ensuring as well, a concentration of impurities in the final permeate stream below the established standard limits. In this line, a good design of the pretreatment process, called pretreatment tailoring, may increase the flux performance of the selected membrane accordingly. This is confirmed in this work, where higher threshold flux values were observed for the UF membrane for all feedstocks by applying an UV/TiO 2 PC process after pH-T F. What is more, the performance of the UF membrane was also improved in terms of rejection efficiency, such that higher rejection values were yielded by the membrane for organic pollutants. The UF membrane performance was also improved in terms of the volume feed recovery factor. Results in the same line were observed when the highly polluted OOW raw stream was previously mixed with OWW.
This permits the stream exiting the UF unit after pH-T F and the UV/TiO 2 PC process to fulfill the standard limits for the reuse of the purified effluent for irrigation purposes, aiding in the cost-effectiveness of the treatment process and permitting to the olive oil production process to be considered environmentally friendly.
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